Abstract-UNB (Ultra Narrow Band) is one of the technologies dedicated to low-power wide-area communication for IoT, currently exploited by SigFox. The specificity of UNB is the Aloha-type channel access scheme, both asynchronized in time and frequency domain. This randomness can cause partial spectral interference. In this paper, we take advantage of the spatial diversity of multiple base stations to improve the UNB performance, by using selection combining. In the presence of pathloss and spectral randomness of UNB, the channels are considered correlated. A theoretical analysis of outage probability is demonstrated by considering this correlation, for the case of 2 base stations. This methodology of probability computing can be extended to general K BSs. The diversity of multiple receivers is proved to be beneficial in enhancing the performance of UNB networks. This gain is shown to be related to the density of the base stations, as well as the distance between each of them.
I. INTRODUCTION
IoT (Internet of Things) has been gaining a lot of attention in recent years. It is discussed in research, in industry and in every daily life. As the need of connecting objects grows, the challenges for IoT networks grows as well. From the base stations' side, it requires the scalability to connect a large number of objects, and the capability of treating enormous simultaneous transmissions. From the devices' side, the energy consumption and cost are big issues, as most of the devices are battery-based.
Aside from current and forecast traditional cellular networks, LPWAN (Low Power Wide Area Network) have emerged to meet these specific demands of IoT [1] . These new dedicated transmission technologies include CSS (known as LoRa) [2] , RPMA (developed by Ingenu) [3] , and UNB (known as SigFox) [4] , which all operate in the unlicensed ISM band. UNB (Ultra Narrow Band) is expected to be more power efficient than the others, and it allows a longer transmission distance [5] [6] . This technology has already been deployed in Sigfox network around the world, however, even though the point to point link is well-known, the capacity with multiple base stations remains not yet evaluated. Hence, we chose to study UNB, and focus on the uplink of such system.
A. Ultra Narrow Band
The specificity of UNB is that data is transmitted with an extremely narrow signal band (typically 100-200 Hz), compared to the operating band (typically 200kHz-1MHz). As a consequence, contrarily to classical systems, the inherent oscillator jitter is not negligible anymore and prevents from allocating disjoint frequency channel to users or set of users. Thus, in practice, transmissions are performed at any carrier frequency within the operating band. The channel access scheme of UNB is R-FTMA (Random Frequency Time Multiple Access), which is an Aloha-type scheme, but both unconstrained in frequency and asynchronous in time domain. On one hand, this grant-free access saves the headers for channel reservation. But, on the other hand, it may lead to partial interference.
The interference pattern of UNB is analyzed in [7] . It was proved to be related to the frequency spacing between nodes' carrier frequencies. In addition, the uplink capacity of UNB is analyzed in [8] . However, all these works are only focused on the one BS case (Base Station).
B. Spatial Diversity in Cellular Networks
In most cellular systems, one BS is supposed to serve devices in a specific service area [9] . Nonetheless, when devices send data to their intended BS, they are also captured by adjacent BSs. Thus, a BS actually receives the sum of its useful information, the contribution of devices intended to neighboring BSs and noise. If the BSs independently decode the signal, the neighbor devices are seen as interferers. Moreover, each BS gets a different point of view of the transmitted signal. Indeed, they are not located at the same distance from the transmitting devices, so the transmitted signals experience diverse channel conditions to reach each BS. Similarly, they do not experience the same interference pattern. It is possible that lost packets from a given BS can be properly decoded at another BS. Therefore, taking advantage of the diversity of multiple BS can be beneficial to improve the system performance.
The earliest works about multiple BSs consider them independent and non-cooperative [10] . As packets experience different channel conditions, when one packet fails to be seized by one BS, it is still possible to be captured by another one. The authors in [11] analyzed a cellular network's performance 978-1-5386-3779-1/18/$31.00 c 2018 IEEE of non-cooperative receivers, for slotted ALOHA case. A recent theoretical analysis of the throughput for multiple BSs with perfect power control is presented in [12] .
Besides, the interaction and cooperation among BSs also came on the scene, by using different combining and interference cancellation technologies. This cooperation is usually operated at the back-haul, where all BSs transmit their perceived signals. This data center collects information from each BS and treats them jointly. This architecture can be referred to Cloud-RAN (radio access network) [13] .
Combining technology, in a general sense, aims at combining the signals each BS receives, even if none of them can decode it. In this case, the desired user's contribution is constructively added, while interference and noise are averaged, leading to a significant increase in the SINR. Thus, this signal is more likely to be decoded. Maximum ratio combining (MRC) and optimum combining are often analyzed for multiple BSs, by using stochastic geometry as tools [14] [15]. The most frequent assumption is that each node is attached to its nearest BS. With the use of Poisson Point Process, the BS is supposed to be within the Veronoi cell of the user [14] . However, this hypothesis is idealized, and does not fit in our network where nodes are not attached to one specific BS.
Selection combining, as one the combining technologies, selects the strongest signal (of the same message) perceived by all the BSs. Once this strongest signal managed to be decoded, the issued message is considered successfully received. The majority of the existing works about selection combining neglect the dependence among the channels, and thus assume that they are independent [16] . Indeed, with the presence of fast fading, this correlation is weakened, but it does not disappear. The assumption of independent channels is only valid for certain node densities [16] [17] . In this paper, we consider only the pathloss, which faces directly the dependence among the links between the issued node and each BS.
C. Motivation and Contributions
All the above-mentioned works are based on traditional channel access where there is either no collision (as transmissions are performed on different orthogonal channels), or total overlap in the frequency domain. However, due to the continuous selection of carrier frequency in UNB networks, partial frequency overlapping has to be considered. To the best of our knowledge, no such analytical studies of multiple BSs for R-FTMA has been conducted.
Therefore, the novelty of this work is to analyze the spatial diversity of multiple BSs for a UNB system, by taking into account the spatial correlation between the received signals. The main contribution is to provide a closed-form theoretical expression of the performance for 2 BSs case with selection combining, as well as to promote this methodology to general K BSs.
The rest of this paper is organized as follows : Section II gives the modeling and assumptions. Section III provides the II. MODELING AND HYPOTHESIS In this work, we consider the uplink case, where nodes transmit data to BSs by using the UNB technology. The emission of data is not continuous in time. Nodes are distributed randomly and uniformly in a wide area with a node density λ t . Due to the very small duty cycle of the considered nodes, we prefer to use the active nodes density λ (nodes/m 2 ), which is considered stable at the observed moment. One may note that λ << λ t . All transmissions are performed with the same emission power and antenna gain. The considered propagation model is free space. Hence the received power of each packet varies, only depending on the respective distance between the node and the issued BS.
BSs are assumed to be powered all the time. Each BS transmits its received messages to the back-haul via wired networks, where the process of selection combining happens.
Nodes broadcast their small data packets to potential multiple BSs with UNB technology. Since nodes select their carrier frequency randomly and independently, a packet may be lost at a BS due to collisions when simultaneous transmissions happen. We only consider in this paper the collisions due to a unique interfering node at the observed moment, from one BS's point of view. Indeed, this is the most frequent case due to the very limited signal bandwidth of UNB [7] . Besides, we neglect the noise power, because it is much lower compared to the interference power level.
One may note that the interference level depends not only on the interferer's received power at the BS, but also on ∆f the frequency spacing between the desired node and the interfering node. The interference coefficient for realistic filters (as used in SigFox's network) is plotted on Fig. 1 . For the theoretical analysis, we have approximated the interference level by a zero-mean Gaussian function [18] :
with σ = 60 for a 100 bit/s transmission [7] .
III. THEORETICAL ANALYSIS
In this section, we derive a closed-form OP (outage probability) expression for 2 BSs, with selection combining and the spectral randomness of UNB. Indeed, two BSs is the atomic pattern for any multiple BSs case, which can give us an intuition of their behaviors. Then we extend the methodology to K BSs in the next section.
Without loss of generality, we consider that the 2 BSs are vertically centered while their horizontal position depends on the relative distance d between each other, as shown on Fig. 2 .
We focus on the performance of one targeted desired node, which is within the communication ranges of the 2 BSs, at a known position (not necessarily aligned with the 2 BSs). All other nodes are potential interfering nodes, and their positions are random. We define r xi (resp. r yi ) (for i ∈ {1, 2}) as the distance between the desired node x (resp. the interfering node y) and BS i .
Due to different interference contributions, BS 1 and BS 2 perceive the desired user's signal with different SIR. Taking example of BS 1 , the SIR 1 can be expressed as:
with P e the power at the reference distance r 0 .
In the single BS case, OP represents the probability that the SIR (Signal to Interference Ratio) of the desired node is lower than a targeted threshold γ * . As a consequence, and as shown in [8] , for the single BS case, a failure is observed when an interferer, whose carrier frequency differs from the desired user of ∆f , falls within a circle of radius r x1 γ * β (∆f ).
Similarly, in the 2 BSs case, data is lost when the SIRs perceived by both BSs are lower than γ * . Thus OP becomes:
with R x1 (∆f ) = r x1 γ * β (∆f ) and R x2 (∆f ) = r x2 γ * β (∆f ). One may note that R x1 (∆f ) and R x2 (∆f ) will be written as R x1 and R x2 in the rest of the paper. As mentioned in Section I, since the channels for both BSs are correlated, we can not simply express OP = OP 1 · OP 2 . This correlation comes from the fact that there might be one common interferer for both BSs. Thus according to the interferer's location, OP in (3) can be divided into two cases:
1) Common interferer: The same interferer y = y 1 = y 2 leads to error in both BSs. In this case, OP is obtained by computing the probability that y falls into the intersection of two circles. The first circle is centered on BS 1 , with a R x1 radius (in blue on Fig. 2) , while the second one is centered on BS 2 with a R x2 radius (in orange). We call this common interfering area as Sc, whose surface is s c . One may note that this area depends on the value of ∆f (γ * is predefined). For example, the light blue area in Fig. 2(a) is the non-null intersection Sc when ∆f = 0, while this area is empty in Fig. 2(b) when ∆f = 150Hz. 2) Distinct interferers: The interferers are different for the 2 BSs, which means that there is one specific interferer for each BS. In this case, OP is the probability that the interferer y 1 falls into the interfering area of BS1 but not inside the common interfering area (i.e. y 1 is in the blue area Si 1 in Fig. 2(a) which interferes inside BS 1 ), while at the same time, another interferer y 2 falls into Si 2 (i.e. the orange area).
Therefore, by combining these two disjoints cases, OP becomes:
Firstly, we focus on the case III-1 (Common interferer). This is the probability that one node in the the considered area falls into the common interfering area Sc. For the 2 users case:
with λ the node density in nodes/m 2 , and P (∆f ) =
as nodes select their carrier frequency randomly within BW .
We then compute the common interfering area's surface s c . We define d as the distance between two BSs, and use it as an indicator to determine if there is an overlap between the two circles [19] . There are 3 cases for the intersection of two circles, depending on d and both radius R x1 , R x2 , as reported in (6) . For the first case, there is a partial overlap between the two circles; for the second case, the two circles are disjoint or too far away, thus no overlap; for the third case, one circle is contained entirely within the other.
Thus the expression of (5) for 2 users in the 2 BS case, can be further written as:
with the integral edges defined as following:
We note that b 1 and b 2 only exist when both Secondly, we compute for the case III-2 (distinct interferers). BS 1 can not decode the desired packet when:
where the second term is already computed in (7). The first term represents in fact the OP when there is only one BS, whose calculation steps are demonstrated in [8] , and is given by:
We can have the expression of P(node y 2 ∈ Si 2 ) by using the same method:
with the first term similar to (10) , and the second term in (7). We now extend the OP to more users' case. The number of active nodes N depends on the node density λ and the considered surface, and it is assumed stable at the observed moment. We have thus N nodes (including the desired node) transmitting simultaneously. With the hypothesis of only one interferer, OP becomes the probability that one out of the N −1 nodes enters the common interfering area s c , in addition to the probability that two out of N − 1 nodes enter separately into S i1 and S i2 . Therefore, the final expression of OP for 2 BSs, and N users is:
with the three issued probabilities presented in (7), (9) and (11) . This derivation of OP gives an intuition for K (K >2) BSs, where we transform OP into the probability that one or several nodes fall into certain areas. And the surface of these areas changes depending on the frequency spacing. The complete derivation for K BSs is not presented here because of its complexity, but should be deduced by using the same methodology shown above.
IV. NUMERICAL RESULTS AND EXPLOITATION
In this section, we present the simulation results comparing with the theoretical ones of (12) for 2 BSs. Then we exploit them to measure the benefits two BSs can bring compared to the single BS case. At the end, we present numerical results for the case with K BSs. We note that these Monte-Carlo simulations are performed with Matlab.
In the expression of OP (12), the considered parameters are: the relative distance between the desired node and each BS r x1 , r x2 , the distance between two BSs d, the node density λ, the total bandwidth B, the number of active nodes N and the SIR threshold γ * . Simulations are performed by varying these parameters.
A. Validation for 2 BSs
We start by validating the theory for 2 BSs. As illustrated in Fig. 3-4 , we have the outage probability for different node density λ and total bandwidth BW . We compare the OP obtained from (12) and from simulations.
In order to validate the theoretical expression accuracy, we have run simulations by using the realistic Sigfox's interference model (as presented in Fig. 1 ). We can note that the theory (in solid lines) coincide well with the the simulations results (in points). Such behaviors were also obtained when varying other parameters but are not presented here. The theoretical OP in (12) is hence validated.
At the same time, we can observe on Fig. 3-4 the same behavior of outage probability than the case of one BS in [8] . As the node density λ rises, the number of interferers increases accordingly, the OP thus rises up. However, OP declines when the total bandwidth BW increases. This is because when the frequency resource becomes larger, the chance that the desired signal gets interfered becomes lower.
B. Exploitation for 2 BSs
We now exploit the theoretical expression in (12) to observe how specific parameters of the 2 BSs case impact OP , and the benefits of two BSs compared to the single BS case.
We have firstly varied the distance between two BSs d, by maintaining the position of the desired node fixed, as shown in Fig. 5 . Consequently, the distances between the desired node and both BSs are varying. We observe that when the two BSs drift apart, OP first drops off and then rises. This is due to the fact that the intersection's surface changes, as illustrated on Fig. 6 which shows the variation of Sc as d increases. Accordingly, the number of interferers included in the interfering area differs, which makes the OP vary. When d is small the desired node is close to the BSs. Thus R x1 and R x2 are small but the circles are almost perfectly overlapping. Thus, any node interferes at BS 1 is also interfering at BS 2 . When d increases, the circles are parted, so the overlap diminishes and Sc decreases. However, when d exceeds a certain value, the increase of d leads to the growth of circle radius much sharper than the overlapping reduction. Thus Sc increases. Therefore, we can identify the optimal point, such that for a fixed desired node, there exists a distance d which delivers a lowest OP . In a second step, we focus on the improvement brought by the use of a second BS. To quantify such improvement, we define
as the gain of two BSs. The higher is the gain, the better is the improvement. One may note that we consider in this paper only nodes that are in the reception capabilities of the 2 BSs, as the others will not benefit from the second BS. To evaluate this gain, we have plotted OP of a single BS (10) on Fig. 3-4 , in dotted lines. We can verify that taking advantage of 2 BSs can improve the network performance, compared to only one BS's case. Indeed, as there is no cell planning among the BSs, and as the nodes broadcast their messages, they can be received by any BS at reach. Thus, the second BS does not affect the performance of the first BS, while bringing an additional chance to receive the packet.
In Fig. 7 , we have plotted the variation of the gain as a function of the desired node's position, which is defined by the distance between the desired node and both BSs: r x1 and r x2 . We can observe that the gain is always higher when r x1 = r x2 , compared to other cases. And we note that the highest gain can be achieved when the desired node is located in between the two BSs, where its distance to both BSs is equal to d 2 . These results can give us an insight about the best gain we can achieve with an additional BS.
C. Gain of K BSs
Last but not least, we present in Fig. 8 the numerical results for K BSs (where K is not limited to 2). The locations of BSs form a square lattice, with equal distance d between adjacent BSs. Similarly, we define the gain of K BSs as OP 1BS OP KBS . We observe that when the number of BSs increases, the gain enhances. Indeed, when the BSs becomes denser, their spatial diversity becomes more advantageous. This can also help in the BS deployment and densification.
V. CONCLUSION
In this paper, we have derived theoretically the OP (Outage Probability) of a system based on UNB, by taking advantage of the spatial diversity of multiple base stations, and specifically focused on the case of two BSs. We have taken into account the spectral randomness of UNB in the analysis, and we have focused on one targeted desired node. We have brought to light that OP can be transformed into calculating the probability that one node falls into a certain area. And this methodology can be extended for the more general case of multiple BSs. We have validated the theoretical OP by simulations and varying parameters. We have exploited the theory of two BSs to show the highest gain we can achieve from one additional BS. For the general case of K BSs, we have proved that the spatial diversity of multiple BSs is beneficial in improving the networks' performance, and that the benefit is related to the density of BSs. We note that this work has only considered selection combining, and that it can be followed by including more combining technologies in the future.
